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Hexavalent chromium is frequently found in industrial efﬂuents as a result of the industrial applications
of this compound and its anti-corrosive features. However, hexavalent chromium is extremely toxic, and
its discharge in water is regulated, with a maximum limit of 0.1 mg/L in accordance with legislation
established by CONAMA-Brazil (no. 397, April 3, 2008). To achieve lower discharge values, it is necessary
to reduce from Cr(VI) to Cr(III), which is less toxic, and an economic alternative involves biological
removal of this compound. Residence time distributions (RTDs) were measured to evaluate the behavior
of actual bioﬁlter operation conditions in a bioﬁlter ﬂow. The medium residence time distributions used
were 8 and 24 h (recommended by the legislation). To optimize this process, a central composite design
was used, considering the initial chromium concentration and pH as the independent variables and the
removal of hexavalent chromium as the response. The boundary curves and surface response showed
optimal behavior at 3.94 mg/L [Cr0] and a pH of 6.2. The removal process of hexavalent chromium is
mathematically described by the MichaeliseMenten kinetic model. This model appropriately represents
the variation of chromium concentration along the bioreactor.
 2010 Elsevier Ltd.Open access under the Elsevier OA license.1. Introduction
Growing industrializationworldwide is the main cause of water,
soil and atmosphere pollution. Restrictive legislation has frequently
demanded maximum limits for discharges or gaseous emissions of
public or private facilities, in an effort to impede environmental
damage caused by the excessive use of noxious materials.
Due to an increasingly frightening outlook for the future of our
planet, it is urgent and necessary to enforce efﬂuent treatments, the
disposition of solid residues and the control of gaseous emissions
in companies that do not maintain their pollution limits below the
levels allowed by effective legislation.
Great amounts of toxic substances are discarded in the enviro-
nment every day as a result of industrial processes. Among these is
hexavalent chromium, which is used largely for to its anti-corrosive
properties; it is employed in many sectors: steel industries, metal
work, textile industries, galvanoplasty and paints, tanneries,
nuclear power stations and wood preservation (Barnhart, 1997;
Katz and Salem, 1994). In particular, hexavalent chromium arisesfax: þ55 034 3239 4188.
sende).
evier OA license.in great proportions in tannery efﬂuents. In the process of leather
tanning, chromium salts are responsible for the interlacement of
the protein ﬁbers of the animal skin, transforming it into a product
of high durability that is resistant to deterioration. This stage is
fundamental in the production of leathers; large amounts of these
salts are used, and consequently, a great volume of chromium is
released in the ﬁnal discharge (Balakrishnan et al., 2002; Freitas,
2006; Scapini, 2007). However, this metal is extremely toxic, and
its concentration is limited to 0.1 mg/L for hexavalent chromium
and 1 mg/L to trivalent chromium for discharge in waters, in
agreement with the legislation of CONAMA (Resolution CONAMA
no. 397, April 3, 2008-Brazil). Efﬂuent treatments usually involve
large amounts of reagents or sophisticated equipment, which
makes the process economically unviable (Higgins et al., 1997).
As an alternative, bioﬁlters that possess a simple construction
and use microorganisms that are capable of reducing hexavalent
chromium have been explored (Chirwa and Wang, 1997; Dermou
et al., 2005; 2007; Dermou and Vayenas, 2007; Córdoba et al.,
2008; Caravelli and Zaritzky, 2009; Jacinto et al., 2009; Elangovan
and Philip, 2009; Ahmad et al., 2010 and Kathiravan et al.,
2010).The practical application of heavy metal sorption is most
effectively carried out in a packed bed column, as it efﬁciently
utilize the sorbent capacity and results in an improved quality of
M.G. Dalcin et al. / Journal of Environmental Management 92 (2011) 1165e11731166the efﬂuent. Studies have been reported for the removal of Cr(VI)
in a packed bed column (Aksu and Gönen, 2006; Shashidhar et al.,
2006; Vieira et al., 2008; Kiran and Kaushik, 2008; Hasan et al.,
2009; Kumar and Chakraborty, 2009; Gupta and Babu, 2009;
Quintelas et al., 2009 and Vinodhini and Das, 2010).
Biological reduction presents an economical and effective way
of transforming this pollutant into a less toxic form. A signiﬁcant
volume of literature is available in support of the bioreduction of
Cr(VI) to Cr(III) (Romanenko and Koren’kov, 1977; Horitsu, 1987;
Bopp and Ehrlich, 1988; Wang et al., 1989; Chen and Hao, 1996;
Fredrichkson et al., 2000; Nepple et al., 2000; Pattanapipitpaisal
et al., 2001; Srinarth et al., 2002; Viamajala et al., 2002; Pal and
Paul, 2004; Dermou et al., 2005; 2007; Córdoba et al., 2008 and
Caravelli and Zaritzky, 2009). Cr(VI)-reducing bacteria are found
abundantly in the subsurface environment and in the natural ec-
osystem (Wang and Shen, 1995; Turick et al., 1996; Chen and Hao,
1997; Schmieman et al., 1998).
Trivalent chromium is considered to be up to one hundred times
less toxic than hexavalent chromium because its oxidation state is
less toxic to plants and animals (Anderson, 1997; Costa, 2003).
When compared to other methods, biological reduction presents
good performance and reduced cost, which makes this process an
excellent alternative for the treatment of efﬂuents polluted with
chromium VI.
The general objective of the present work is to evaluate the
biological removal of hexavalent chromium to the less toxic
trivalent form in a tubular reactor of continuous ﬂow with
microorganisms (mixed culture) immobilized on a polymeric
support. The speciﬁc objectives of this work are to study the
bioreactor hydrodynamic behavior, to optimize the pH and initial
concentration of hexavalent chromium in relation to the removal
of hexavalent chromium using the technique of surface response,
and to evaluate the removal of the organic load of efﬂuent
polluted with hexavalent chromium using a biological ﬁlter with
continuous ﬂow.
2. Materials and methods
2.1. Bioﬁlter description
The experimental apparatus of the bioreactor was composed of
a refrigerator in which the efﬂuent was stored (temperature of
7  1 C-to reduce the risk of medium contamination), a peristaltic
pump,modelMinipuls 3mark Gilson, a bioﬁlters, and a container of
efﬂuent collection (Fig. 1).
The reactor possesses eleven points distributed along its height
for sampling, as shown in the display of the experimental apparatusRefrigerator
Effluent outlet
 Sampling point 1
Sampling point 2
Sampling point 3
Peristaltic pump
Gases outlet
F
l
o
w
Fig. 1. Experimental apparatus.given in Fig. 1, but only three points were used: 15 cm, 49 cm and
92 cm from the entrance. These points were chosen because they
are symmetrically distributed at the beginning, middle and end of
the bioreactor; the analysis results describe the hexavalent chro-
mium concentration proﬁle along this length.
The bioﬁlter consisted of an acrylic cylinder, 1.0 m in height
and 0.095 m in diameter, with a capacity of 6.5 L. The bed was
composed of randomic polymeric rings 3 cm in diameter and 2 cm
in height. The rings were chosen to avoid clogging problems that
would reduce the reactor efﬁciency. This reactor was operated for
residence times of 8 and 24 h.
2.2. Bed preparation
The bed (plastic rings) was subjected to a surface treatment
using nitric acid to promote a high superﬁcial rugosity for a better
development of the bioﬁlm, as described by Bergamasco (1996).
2.3. Study of the reactor hydrodynamic behavior
To monitor the behavior of the ﬂuid in the reactor, a solution of
chloride sodium P.A. (0.05 M) was used as the tracer, and distilled
water was used as the solvent. The reagent mass was deﬁned as
a function of the volume of the bioﬁlter and of the residence time.
Two residence times (s), 8 and 24 h, were adopted in the
experiments. The time of 8 h is the minimum recommended by
NBR 7229/1982 for the operation of biological ﬁlters, and for this
condition two experiments were carried out. The other experi-
ments were evaluated for s ¼ 24 h to obtain greater efﬁciency in
hexavalent chromium removal.
2.3.1. Tracer injection and experimental procedure
A solution of 0.05 M sodium chloride was pumped from an
external reservoir to the entrance of the reactor (located in the
cover) through a 5-mm-diameter pipe, characterizing a positive-
type step.
A conductivimeter was coupled to the bioﬁlter exit to measure
the electrical conductivity of the efﬂuent at pre-established inter-
vals of time. For s equal to 8 h, the measures were taken in intervals
of 10 min and, for s equal to 24 h, intervals of 2 h.
2.3.2. Residence time calculus
The medium residence time was determined through the
function F, a non-dimensional determination of the area that the
curve F(t) creates with the ordinates axis (area above the deﬁned
curve for F(t) as a function of time). The expression of the function
F (cumulative distribution of the tracer concentration) was written
according to Equation (2.1).
FðtÞ ¼ lt  l0
lN  l0
(2.1)
lt is the electrical conductivity of the reactor output at each time
point, l0 is the initial electrical conductivity of the reactor output,
and lN is the ﬁnal electrical conductivity at the reactor exit.
The area above the curve was calculated by the difference
between the total area and the area below the curve with the
software Origin 7.0.
The residence time (stheo) was calculated according to Equation
(2.2) (ideal residence time).
stheo ¼
eVR
y
(2.2)
where e is the reactor porosity, VR is the reactor volume (L3), and n is
the utilized ﬂow (L3.T1).
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The variance s2 that represents the distribution dispersion
effect is a statistical parameter that was estimated for Equation
(2.3).
s2 ¼
ZN
0
ðt  sÞ2EðtÞdt (2.3)
The curves of E(t) were obtained by Equation (2.4):
EðtÞ ¼ dFðtÞ
dt
(2.4)
After adjusting the data of F(t) to a sigmoid function, with a deter-
mination coefﬁcient equal to 0.998 to avoid the appearance of
mistakes in the software Origin the derivative of F(t) was calcu-
lated. The medium residence time was calculated using the func-
tion E(t) to determine whether mistakes existed as a result of
evaluating the derivative of F(t).
2.3.4. Axial dispersion coefﬁcient calculation
The axial dispersion model is mathematically represented by
the differential Equation (2.5) (Levenspiel, 1974).
vC
vt
¼ uvC
vz
þ Dax v
2C
vz2
(2.5)
where C is the concentration of the solute in solution, u is the
interstitial speed, z is the axial distance, t is the time, Dax is the axial
dispersion coefﬁcient, and L is the length of the reactor.
The boundary and initial conditions are given by Equations
(2.6)e(2.8), respectively.
z ¼ 0; Dax*vC
vz
¼ u*ðC0  CÞ (2.6)
z ¼ L; vC
vz
¼ 0 (2.7)
t ¼ 0; C ¼ C0 (2.8)
In non-dimensional form:
v4
vs
¼ v4
vl
þ 1
Pe
v24
vl2
(2.9)
The Peclet number is considered to determine the relationship
between the transport rate for convection and the transport rate for
diffusion or dispersion, and it is given by Equation (2.10).
Pe ¼ uL
Dax
(2.10)
To solve the dispersion model, the Peclet number should be
known; this can be found using RTD and adjusting based on the
model presented by Levenspiel (1974) for closed tanks with great
dispersion (as used in this work) and given by Equation (2.11).
s2q ¼
s2
s2
¼ 2 1
Pe
 2

1
Pe
2
1 ePe

(2.11)2.4. Culture medium
Themediumconsistedof1gofNH4Cl, 0.2gofMgSO4.7H2O,0.001g
of FeSO4.7H2O, 0.001 g of CaCl2.2H2O, 2.5 g of CH3COONa.3H2O and
0.5 g of K2HPO4 in 1 L of water (Dermou et al., 2007).2.5. Inoculum
The microorganisms used in the experiments were a bacteria
mixed culture adapted to the growing concentration of hexavalent
chromium that reached a ﬁnal value of 176.06 mg/L. The media
were inoculated in the reactor with a biomass concentration of 4 g/L
(determined for the method of volatile suspended solid (VSS)) and
were left for one month to guarantee that the microorganisms
remained adherent to the bioreactor bed.2.6. Abiotic controls
Cultures media were autoclaved at 121 C for 30 min. After the
autoclaving process was added a broth consisting of 0.1% azide
solution using sodium azide (NaN3). The hexavalent chromium
concentration was measured after 48 h in the bioﬁlter exit.2.7. Central composite design
To improve the process asmeasured by the operational variables
of initial chromium concentration and pH, a central composite with
eight experiments (four experiments at the axial point) and three
central replicas was realized, resulting 11 experiments with the
a value of orthogonality equal to 1.14, as presented in Table 1. All of
experiments were realized in duplicate (totaling 22 experiments).
The levels of the studied variables were put in the codiﬁed (non-
dimensional) and nominal (real) forms in the delineate matrix.
The eleven assays described in the matrix obtained by the
CCD (Table 1) had a duration of 48 h to guarantee that the process
operated in a stationary state.
The collection was made at ﬁve points: the entrance, three
points along the reactor and the exit, with the purpose of evalu-
ating the concentration proﬁle along the length of the bioreactor.
For the collection, a syringe that contained a needle 8 cm in length
was used. This needle allowed the collection to be done along the
traverse section of the reactor. The assays were randomly selected
in the matrix planning.
Between the experiments shown in Table 1, the reactor was
pumped with acetate medium and 2 g/L of glucose (C6H12O6), for
growth and maintenance of the microorganisms.2.8. Mathematical modeling the bioﬁlter
The mass balance equations proposed for the description of
the mathematical model were adjusted to simplify the model: the
reactor is in a stationary state of operation, that is, the analyzed
variable was not dependent on time; a constant temperature was
used; the bed has only cylindrical particles; the biomass charac-
teristics do not vary along the reactor (morphology, concentration);
the ﬂow and substratum and chromium concentrations in the
efﬂuent are constant; mass transport only occurs in the axial
direction of the reactor; the particles are non-porous (withoutmass
transport in the interior); all biomass was adhered to the polymeric
particles; the systemwas only composed of two phases (liquid and
solid phases).
With these considerations, the modeling was realized through
a mass balance in an inﬁnitesimal volume element of the reactor
(tubular packed with cylindrical particles) and by considering
the piston ﬂux with an axial dispersion. This model is considered to
be pseudo-homogeneous.
The equations can be summarized by a system of equations
with two boundary conditions. The equations are given below.
Table 1
Real and codiﬁed values of the variables used in the CCD.
Experiment Variables
pH (X1) [Cr0] in g/L (X2)
1 5.5 (1) 15 (1)
2 5.5 (1) 165 (þ1)
3 8 (þ1) 15 (1)
4 8 (þ1) 165 (þ1)
5 5.31 (a) 90 (0)
6 8,18 (þa) 90 (0)
7 6.75 (0) 3.94 (a)
8 6.75 (0) 176.06 (þa)
9 (C) 6.75 (0) 90 (0)
10 (C) 6.75 (0) 90 (0)
11 (C) 6.75 (0) 90 (0)
Fig. 2. Non-dimensional cumulative distributions.
Fig. 3. Distribution E(Q) for the residence times studied.
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vz
þ Dax v
2Cr
vz2
þ r’Cr ¼ 0 (2.12)
z ¼ 0; Cr ¼ 1:0 (2.13)
z ¼ L; vCr
vz
¼ 0 (2.14)
where Cr is the biomass concentration in the reactor, Dax is the
coefﬁcient of axial dispersion, and n is the interstitial speed of the
drainage.
2.8.1. Kinetic model
In this work, the MichaeliseMenten kinetics were used for
enzymatic removal of hexavalent chromium (Equation 2.15).
rCr ¼
VmCr
Km þ Cr (2.15)
where Vm is the maximum speed for the enzymatic removal of
hexavalent chromium and Km is the enzyme saturation constant.
Equations (2.12)e(2.15) were solved using a program imple-
mented in Scilab 5.1 using ﬁnite differences in the position. The
coefﬁcient of axial dispersion was calculated in Section 2.3.4. The
parameters Vm and Km were obtained through simulation, and
visual observation was used for adjustments.
2.9. Kinetics of chromium removal with initial Cr(VI) of 150 mg/L
A kinetic study was conducted at the initial hexavalent chro-
mium concentration of 150 g/L (industrial efﬂuent) to check whe-
ther transformation happened or if chromium is simply bound in
the ﬁlter.
Samples were collected from the exit of bioﬁlter at pre-
determined time intervals. These samples were then centrifuged
at a 12,500 rpm (corresponding to a relative centrifugal ﬁeld of
18,900 g) for 20 min and analyzed for total chromium [Cr(VI) þ Cr
(III)] as well as Cr(VI).
2.10. Analytical methods
2.10.1. Cr(VI) concentration
The concentration of hexavalent chromium ([Cr(VI)]) was
determined using the colorimetric methodwith diphenyl carbazide
solution at a wavelength of 540 nm using a Thermo Spectronic
Marks Genesys 10 UV spectrophotometer, following the method-
ology described by (APHA (American Public Health Association),
1998).2.10.2. Volatile solids in suspension (VSS)
The VSS was determined by the ﬁxed and volatile solids method
at a temperature of 550 C, according to (APHA (American Public
Health Association), 1998).
2.10.3. Total organic carbon (TOC)
The methodology and operational conditions used in the total
organic carbon (TOC) measurements were chosen according to
the methods described in the (APHA (American Public Health
Association), 1998). This analysis was accomplished through the
technique of catalytic combustion at high temperature using the
Rosemount Analytical Dohrmann Division model DC-190.3. Results and discussion
3.1. Determination of residence time distribution (RTD)
The cumulative distribution curves obtained for the two average
residence times in the assays can be visualized in a non-dimen-
sional form in Fig. 2. These cumulative distributions supplied the E
(Q) curves (ﬁrst derivative of F(Q)) necessary for the calculation of
the variance and consequently of the axial dispersion coefﬁcient.
Table 2
Calculated values for the residence parameters, variance, Peclet number and axial
dispersion coefﬁcient.
stheo (h) s (h) Deviation (%) s2 sq2 Pe Dax (cm2/s)
8.0 6.85 14.4 39.27 0.84 3.12 0.102
24.0 21.5 10.4 156.60 0.23 11.91 8.89  103
Table 3
Results of [Cr(VI)] removal for various values of pH and initial hexavalent chromium
concentrations after 48 h of operation.
Experiment pH [Cr0] (mg/L) [Cr(VI)] removal (%)
1 5.5 (1) 15 (1) 60.2
2 5.5 (1) 165 (þ1) 30.0
3 8 (þ1) 15 (1) 43.7
4 8 (þ1) 165 (þ1) 15.4
5 5.31 (a) 90 (0) 30.2
6 8.18 (þa) 90 (0) 16.9
7 6.75 (0) 3.94 (a) 92.0
8 6.75 (0) 176.06 (þa) 26.7
9 (C) 6.75 (0) 90 (0) 33.4
10 (C) 6.75 (0) 90 (0) 30.1
11 (C) 6.75 (0) 90 (0) 29.4
[Cr0] e initial hexavalent chromium concentration and [Cr(VI)] e hexavalent
chromium concentration.
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Fig. 3.
Starting from the cumulative distribution curves, the average
residence time was calculated by considering the area above the
deﬁned curve for F(Q) as a function of Q. The values obtained for
these parameters were compared with the theoretical residence
times deﬁned by the ratio between the volume and the ﬂow,
according to Equation 2.2 (Fogler, 1999).
The variances for each assay were calculated using Equation
2.3, and the axial dispersion coefﬁcient was determined according
to Equation 2.11. Table 2 shows the values for the residence times
(s), variance (s2), Peclet number (Pe) and axial dispersion coefﬁ-
cient (Dax).
In agreement with the data shown in Table 2, the deviations
among the ideal residence times and those calculated by DTR
indicate a behavior that is not ideal for the bioﬁlter in question,
being characteristic of a by-pass in the reactor as cited by Fogler
(1999). This non-ideal ﬂow with the formation of short-circuits
can also be observed in the behavior of the cumulative distributions
(Fig. 3).
The high values found for the axial dispersion coefﬁcients in
the smallest residence times indicate a mixed type ﬂow, which is
veriﬁed by the values found for the variance in agreement to
Levenspiel (1974). The hydraulic detention time of 24 h (recom-
mended by NBR 7229/1982 for biological ﬁlter operation) pre-
sented a smaller axial dispersion coefﬁcient than the hydraulic
detention time of 8 h indicating a smaller mixture behavior in the
reactor. Danckwerts (1953) to propose the concept of axial
dispersion for the ﬂow in piping systems as a limit imposed to the
model Pe > 4. The ﬂow condition in the bioﬁlter for the residence
time of 8 h showed axial dispersion level much higher than pre-
dicted by Danckwerts condition for the validity of the model.
Thus, this condition has been applied only to the condition of the
residence time of 24 h.
3.2. Abiotic controls
The study of abiotic losses of chromium concentrations adopted
in the CCD results was done and it was found that these losses were
1.5  0.3%. The results have already been discounted abiotic losses.
3.3. Central composite design
The CCD results for removal of [Cr(VI)] based on the variables of
pH and initial Cr(VI) concentration are given in Table 3.
The inoculum concentration is a relevant variable in the studied
process; however, it was not included in the CCD due to the difﬁ-
culty encountered inmeasuring this variable in a bioreactor with an
immobilized cell.
The removal increase is related to the decrease in the initial
chromiumconcentrationand inﬂuencedby thepHvariation (Table3).
In the present study, the hexavalent chromium concentrationwas
the most signiﬁcant variable in the process; for [Cr0] ¼ 3.94 mg/L,
themaximumvalue of Cr(VI) removalwas obtained (92%). Dermou
et al. (2007) reported removal rates of 100% for initial hexavalent
chromium concentrations of 5 and 30mg/L, using biological ﬁlters
with sequential batch reactors (SBR) operating with recirculation.Córdoba et al. (2008) obtained in four batch operating cycles, in the
bioﬁlm packed bed reactors, after 4 weeks from inoculation and
being fed with potassium dichromate solutions enriched with
glucose-minimal salt medium complete reduction of Cr(VI) (100%
removal) in about 26 h for initial hexavalent chromium concen-
trations 30 mg/L. These authors also working with the bioﬁlter
in SBR operation with recirculation and they veriﬁed in three
consecutive cycles in the recirculating reactor, after 4 weeks
from inoculation and fed with potassium dichromate solutions
enriched with glucose-minimal salt medium, a complete Cr(VI)
removal from the 500mL recirculation batch in about 45 h. During
this period the Cr(VI) removal rate had a value of 0.5 mg/Lh.
Battaglia-Brunet et al. (2007), in anaerobic ﬁxed ﬁlm bioreactors
inoculated with Desulfomicrobium sp. with a feed containing
40mg/L Cr(VI), 600mg/L sulfate and H2, they reported a reduction
rate of 1 mg/(Lh). Chirwa and Wang (1997) reported Cr(VI)
reduction in a ﬁxed ﬁlm bioreactor. They inoculated their biore-
actorwith a Bacillus sp. strain and operated it in a continuousmode
with a high recycle ratio. After 24 days from inoculation their
bioreactor removed about a 50mg/L in a 24 h detention time. That
means an average reduction rate of approximately 2mg/Lh, which
is about twice the maximum rate observed by Córdoba et al.
(2008).
The results of this study were lower than those obtained by the
authors cited and this is mainly due to the type of microorganism
used, the amount of microorganisms (bioﬁlm), type of bed and
operation of the bioreactor.
In agreement with the data shown in Table 3, greater pH values
correspond to smaller removal rates of Cr(VI); in other words, an
increase in the pH results in a decrease in the removal rate.
However, for pH values below 5, Cr(VI) naturally changes to
chromium (III) (Dalcin et al., 2009). Conventional chemical treat-
ment involves reduction of Cr(VI) to Cr(III) for an agent reducer on
low pH values and subsequent adjustments of the solution pH to
value close to the neutral to precipitate Cr(III) as hydroxides, Wang
and Shen (1997). However, this method is not completely satis-
factory because of the great amount of secondary residual prod-
ucts due to the several reagents used in the mentioned processes.
Biological treatment has great interest because of its low envi-
ronment impact unlike the chemical treatments.
3.3.1. Analysis of regression results obtained for Cr(VI) removal
based on pH and initial Cr(VI) concentration
A determination of the signiﬁcant parameters was realized by
a hypothesis test using the Student’s t test with a level of 10%
signiﬁcance being considered for all results of Cr(VI) removal. The
coefﬁcient of quadratic determination R2 was also used, to verify
the signiﬁcance of the adjusted model.
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software, resulting in Equation 3.1 for the rate of hexavalent chro-
mium removal.
Chromium Removalð%Þ ¼32:7723 7:0242X1  10:0244X21
 20:1149X2 þ 17:1812X22
þ 0:4750X1X2 ð3:1Þ
The interaction X1X2 (pH/initial chromium(VI) conc.) did not
have a signiﬁcant effect on Cr(VI) removal and was therefore
eliminated.With this adjustment, a simpliﬁed, empirically adjusted
equation that represents the removal of hexavalent chromium
is described by Equation 3.2:
Chromium removalð%Þ ¼32:7723 7:0242X1  10:0244X21
 20:1149X2 þ 17:1812X22 ð3:2Þ
Equation 3.2 shows that the isolated variable X2 has the greatest
inﬂuence on Cr(VI) removal. The correlation coefﬁcient (R2)
obtained after the adjustment was 0.91, indicating that the results
justiﬁed the empirically proposed equation for 91% of the vari-
ability of the data.
Based on Equation 3.2, the chromium removal was inﬂuenced by
the isolated variables X1 (pH) and X2 (CCr). The negative coefﬁcient of
the variable X1 in this equation indicates that an increase in this
variable generates a decrease in the value of the response. This
behavior can be veriﬁed by experiments 5, 6, 7 and 8. The increase in
pH from 5.31 to 8.18, for a Cr(VI) initial concentration of 90 mg/L,
resulted in a considerable decrease in the removal of Cr(VI) from30.2
to 16.9%. The samebehaviorwas observedwhen increasing the initial
chromium concentration from 3.94 to 176.06 mg/L, which provided
a more effective decrease in the removal of Cr(VI) from 92 to 26.7%.
With the Equation 3.1 the stationary point was calculated for the
hexavalent chromium removal using an algorithm implemented in
the software Maple release 9.5. Using an algorithm similar to the
used previously, in the program software Maple release 9.5 the Xs
corresponding to the maximization of the answer for the removal
of chrome (VI) was calculated, for the canonical form. The real
values for X1 and X2, corresponding to the response maximization
for Cr(VI) removal, were found to be 6.26 for the pH and 3.94 mg/L
for the hexavalent chromium concentration.
Starting from Equation 3.2, the response surface and the outline
curves were obtained, which are presented in Fig. 4 (a) and (b),Fig. 4. (a) Response surface and (b) boundary curves for hexavalent chrorespectively. They show the optimization region of the variables in
the real form, in relation to the response of hexavalent chromium
removal.
Fig. 4 (b) shows that the maximum chromium removal was
obtained for a pH value near 6 and an initial chromium concen-
tration close to 5 mg/L. In addition, Fig. 4 (a) and (b) verify the
existence of a region in which the hexavalent chromium removal is
more effective, for a range of pH values (5e7.5) and initial Cr(VI)
concentrations (0e12 mg/L).
Based on this analysis, the pH level and Cr(VI) concentration
will maintain the process in the optimized condition, within the
range studied.
Dermou et al. (2007) found removals rates of 100% for initial
hexavalent chromium concentrations of 5.30 and 100 mg/L, using
biological ﬁlters operating in SBRs. In the same way, these authors
observed a decrease in the ﬁlter efﬁciency (hexavalent chromium
removal) with increasing initial hexavalent chromium concentra-
tion in the feeding. This behavior was expected due to the inhibi-
tion of Cr(VI) in the microbial activity because the acetate was
always available in excess.
Viamajala et al. (2003) obtained reductions averaging 75% for an
initial concentration of 2 mg/L with Shewanella oneidensis MR-1 in
an induced process associated with anaerobic growth using
fumarate as the carbon source.
In agreement with the data shown in Table 3, the greater pH
values corresponded to a smaller removal rate of Cr(VI); in other
words, an increase in this variable generates a decrease in the
response value. Cossich et al. (2002), in their studies of the bio-
sorption of Cr (III) for Sargassum sp. biomass, showed that the
capacity of chromium biosorption was greatest at pH 4, in
comparison to pH 2 or 3, at temperatures of 20, 30 and 40 C.
To validate the optimization model (Equation 3.2), experiments
were carried out under the optimal conditions, and the average
hexavalent chromium removal was 93.45  0.5%. For the removal
predicted by the model using the codiﬁed values of the stationary
point in Equation 3.2, the value was 79.84%. This model does not
accurately predict the removal at this point because the calculated
value is lower than the experimentally obtained values. Although
this model did not predict the real Cr(VI) removal efﬁciency, it did
predict the optimal conditions for removing Cr(VI).
All of the experiments were done with a total organic carbon
content of 400 mg/L because the preliminary tests indicated that
a concentration of carbon greater than 400mg/L did not signiﬁcantlymium removal as a function of pH and initial Cr(VI) concentration.
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Fig. 5. Evolution of the Cr(VI) concentration along the bioreactor for an initial Cr0(VI)
concentration of 90 mg/L. The symbols represent the experimental results, and the line
is the result of the model proposed by Equations 2.12e2.15.
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Fig. 6. Values of the Cr(VI) and total chromium concentrations in relation to time for
the output of bioﬁlter using the initial hexavalent chromium concentration in the
entrance of the bioﬁlter 150 mg/L.
M.G. Dalcin et al. / Journal of Environmental Management 92 (2011) 1165e1173 1171improve the rate of Cr(VI) removal. This ﬁnding was veriﬁed by
Dermou et al. (2007). The analyses of TOCwere accomplished for the
experiments of the planning matrix, with the purpose of accompa-
nying matter-organic removal. The average initial value was
532.61  176.02 mg/L, indicating a removal of 52.44  3.83 (%). In
experimentally validating the optimal condition, the TOC analysis
indicated a removal of 70% of the organic matter.
3.4. Modeling hexavalent chromium removal
The modeling used to verify the variation of the hexavalent
chromium concentration along the reactor length (stationary state)
was done using the experiments of the central point of the CCD
(section (2.5)). In each Cr(VI) removal experiment, the concentra-
tion of chromium was measured along the reactor. A model para-
metric identiﬁcation was obtained using the experimental data
and following the procedure described in Section 3.11. The model
was composed of Equations (2.12)e(2.15). The MichaeliseMenten
kinetic model was used to consider the action of the enzymes
present in the medium that are responsible for the enzymatic
conversion of hexavalent chromium to trivalent chromium. The
kinetic parameters to MichaeliseMenten model were Vm ¼ 1.35
mg/Lh and Km ¼ 3.34 mg/L Fig. 5 displays the adjustment made to
the proposed model.
The model adjustment shows that the boundary condition
proposed for the initial condition and recommended for this
process described the behavior of the Cr(VI) concentration along
the bioreactor in a satisfactory way. The kinetic models used in the
literature for the biological reduction of hexavalent chromium are
based on the dual enzyme kinetic model proposed by Viamajala
et al. (2003) and Alam (2004). Viamajala et al. (2003) developed
a nonlinear dual enzyme kinetic model to simulate the multi-
mechanism reduction of Cr(VI) by MR-1. The model is based on the
assumption that two enzymesda fast acting but quickly deacti-
vating and a slow acting but stable enzymedare responsible for
reducing Cr(VI) to Cr(III).
3.5. Kinetics of chromium removal with initial hexavalent
chromium of 150 mg/L
Kinetic curves, commonly referred to as breakthrough curves,
which show the behavior of column efﬂuent concentration versustime was done at initial hexavalent concentration chromium(VI) of
150 mg/L, to verify the behavior of chromium concentration in
the reactor close to industrial waste. Fig. 6 shows the removal of
chromium (VI), removal of total chromium and concentration of
chromium(III) using anaerobic bioﬁlter as a function of operating
time with concentration of chromium(VI) of 150 mg/L at the inlet
of the bioreactor.
Fig. 6 shows that from 20 h began to occur increase in the
concentration of chromium(VI) and total chromium in the anaer-
obic reactor output, this was expected since the hydraulic resi-
dence time in the bioreactor was 24 h. It is observed in the output
of the reactor where the concentration of chromium(VI) stabilized
at 134 mg/L and total chromium at 150 mg/L after 66 h of oper-
ation. This shows that the after the saturation of reactor the
microorganisms still are to convert part of chromium(VI) in
chromium(III). Furthermore, the kinetics shows that before satu-
ration of the reactor that a chromium part remained within the
bioﬁlter. This chromium may be retained in the following forms:
adsorbed (Cr(VI) and Cr(III)), precipitated and bioaccumulated in
the support, in the cell membrane and in the metabolites
produced by microorganisms. According Cheung, Gu (2007) Cr(VI)
is absorbed through the channels of transport of sulfate in the cell
membranes of organisms that use sulfate. Under normal physio-
logical conditions, Cr(VI) reacts spontaneously with intracellular
reductors (eg, ascorbate and glutathione) to generate the inter-
mediate short-lived Cr(V) and/or Cr(IV), free radicals and the ﬁnal
product Cr(III).4. Conclusions
The experimental designmethodologywas used successfully for
modeling the removal of hexavalent chromium in a continuous
biological ﬁlter. For the optimization parameters selected (initial
hexavalent chromium concentration and pH) optimal regions were
found inside the variation intervals of the design factors. The
analysis of the CCD showed that the initial hexavalent chromium
concentration was the most signiﬁcant variable in the process and
the pH value also contributed to the rate of hexavalent chromium
removal but to a lesser extent than the initial concentration of
Cr(VI). The effectiveness of the search method used offers the
possibility to include some additional design factors in a new
search for the optimum.
M.G. Dalcin et al. / Journal of Environmental Management 92 (2011) 1165e11731172The kinetic study at 150 mg/L of initial Cr(VI) shows that within
the bioﬁlter the chromiummay be retained in the following forms:
bioreduced, adsorbed (Cr(VI) and Cr(III)), precipitated and bio-
accumulated in the support, in the cell membrane and in the
metabolites produced by microorganisms. This study also shows
that the after the saturation of reactor the microorganisms still
are to convert part of chromium(VI) in chromium(III). As for the
removal of organic matter, the TOC values for the random experi-
ments showed a removal satisfactory on the bioﬁlter; however,
a second treatment of the efﬂuent is necessary to guarantee
desirable removal values.
The deviations among the ideal residence times and those
calculated by RTD indicated a non-ideal behavior for the used
bioﬁlter, and the formation of a by-pass was veriﬁed in the reactor
and the modeling used to verify the variation of the hexavalent
chromium concentration along the reactor length (stationary state)
showed that the adjustment of the model to the data of the reactor
entrance was satisfactory because the model accurately described
the behavior of the Cr(VI) concentration along the length of the
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